BiVO 4 porous microspheres were fabricated by a facile hydrothermal reaction. Various analytical techniques such as x-ray diffraction, scanning electron microscope, x-ray photoelectron spectroscopy, and N 2 adsorption-desorption were adopted to characterize their structure, morphology, and chemical composition. The results showed the molecular weight of PEG had a significant influence on the morphologies of BiVO 4 samples, and high molecular weight of PEG favored the formation of porous sphere-shaped nanostructure due to longer chain-like coordination complexes. The gas sensing properties of these BiVO 4 microspheres were further investigated, and all the four BiVO 4 sensors demonstrated the increasing responses with the increase of working temperatures, and reached their maximum values at 340 • C. The ethanol-selective characteristics of the BiVO 4 sensor synthesized by the assist of PEG1000 towards 200 ppm ethanol presented significantly higher gas response than all the other interfering gases. Moreover, the BiVO 4 sensor also displayed fast response/recovery, and excellent stability for 14-day continuous measurement.
I. INTRODUCTION
Marine transportation drives the development of global trade due to its high throughput and low expense. Among various goods transported by ships, liquid chemicals including liquid hydrocarbons, crude oil, refined oil, etc. are an important class of marine transport commodities. Recently, ethanol, as a renewable energy source, has been widely used in various areas, such as medical, food, and chemical industries, etc. However, this colorless, transparent liquid chemical is flammable, which can easily form an explosive mixture with air in marine transportation and storage. Therefore, precise detection and early warning for leaked ethanol vapor are in great demand.
Over the past decades, several effective strategies including near-infrared (NIR) spectroscopy [1] , fluorescence spectroscopy [2] , biosensor [3] , semiconductor gas sensors [4] , have been adopted for the fast and real-time monitoring of ethanol vapor. Among them, semiconductor gas sensors The associate editor coordinating the review of this manuscript and approving it for publication was Wei Wei . are the commonly used and studied devices designed to monitor flammable and explosive gases due to simple structure and circuitry, rapid response, and longevity. Moreover, the sensors are ease of fabrication at low production cost, which favors batch production at the commercial scale [5] , [6] .
In general, the semiconductor gas sensors are composed of gas-sensing materials and a transducing platform. Their working principles are related to the surface reactions and the charge transfer processes between the adsorbed species and the gas-sensing materials, which can alter the resistance of the semiconductor gas sensors. Therefore, the gas-sensing materials play a critical role in the semiconductor gas sensors. In recent years, metal oxides have become the most important materials in the gas sensor field, and show significant resistance changes upon exposure to a trace concentration of reducing gases. Moreover, with the rapid development of micro-and nano-manufacturing technology, various nanosized semiconductor materials, including ln 2 O 3 , WO 3 , ZnO, CuO, MoO 3 , ZnS, MoS 2 , CuS, have been explored for gas sensors [7] .
Generally, the gas sensing performance is assessed by several important parameters such as sensitivity, selectivity, and response speed. In order to improve gas sensing performance of gas sensors, some efficient strategies have been explored. Reducing the size of gas sensing materials from bulk to nanoscale, the gas sensing performance of metal oxides can achieve greatly improved. However, high surface energy of too small particles gives rise to serious agglomeration, which will inevitably decrease their gas sensing performance. Another efficient methods to improve the gas sensing performance is by doping various materials such as noble metals, other metal oxides, carbon materials, etc., which can significantly minimize the recombination of electrons and holes. In addition, the surface morphologies of gas sensing materials have also an important effect on their gas sensing performance, and the same type of gas sensing materials can exhibit different gas sensing performance by modifying their morphologies.
In comparison with these binary metal oxides, multicomponent oxides possess more merits and freedom on tuning the physicochemical property of semiconductor materials by means of altering their compositions, which are thought as potential candidates for gas-sensing materials [8] . Up to now, some multicomponent oxides have been gradually adopted as gas sensing materials. Li [11] . Thanks to these efforts mentioned above, searching for novel multicomponent metal oxides with high gas sensing performance has been attracting more interests.
Bismuth-based multicomponent oxides, such as BiVO 4 , Bi 2 MoO 6 , Bi 2 WO 6 , BiFeO 3 , etc., are reported as emerging materials due to their excellent optical and electronic properties. BiVO 4 , as one of the most representative n-type multicomponent semiconducting metal oxide, has captured a large amount of attention because of its low cost, nontoxicity, narrow band gap (2.4 eV), effective masses of electrons and holes [12] . Up to now, a large number of research works on the development of BiVO 4 nanomaterials are published. Great efforts have been carried out for obtaining optimum crystal structures and morphologies. Several representative synthesis methods including sol-gel, coprecipitation, hydrothermal method, etc., have been reported to develop a variety of BiVO 4 nanomaterials with different morphologies, such as nanoplates [13] , nanosheets [14] , nanotubes [15] , nanoflowers [16] , and hollow spheres [17] . These BiVO 4 [20] . Nevertheless, as far as we know, only several works on adopting BiVO 4 as sensing materials for gas sensors are reported. Luo et al. adopted BiVO 4 nanoplates as sensor materials for the detection of alcohols gases [13] . Zhao et al. synthesized BiVO 4 by a surfactant-free hydrothermal method, and found its high sensitivity to formaldehyde and ethanol [21] . Golmojdeh and Zanjanchi fabricated BiVO 4 and La-doped BiVO 4 by the precipitation method, and investigated their gas-sensing performance towards ethanol [22] . Zhang et al. reported the photoelectrochemical gas sensing devices based on the photoanode of combining polyoxometalates (POM) with BiVO 4 nanorods for NO 2 detection [23] .Wang et al. developed the potentiometric NH 3 sensors using MgO-doped BiVO 4 powders as sensor materials and investigated their sensing performance [24] .
Generally, the hydrothermal method can produce a perfect crystal structure at a relatively low temperature and environmental friendly procedure, therefore, in this work we developed a facile hydrothermal reaction to synthesize BiVO 4 materials using polyethylene glycol (PEG) as the morphology-controlled reagents. By adjusting the molecular weight of PEG, we could realize the morphology-controlled synthesis of BiVO 4 materials by mean of the coordination reaction between PEG chains and Bi 3+ in the solution. Their morphologies and structure were characterized, and the possible formation mechanism of the BiVO 4 materials were also put forward. The ethanol sensing properties of these BiVO 4 sensors were further studied. Subsequently, the underlying sensing mechanism was discussed in detail. were dissolved in 20 mL, 20 mL, and 40 mL of distilled water, respectively. The above three kinds solution were mixed together under stirring for 1 hour, and then were transferred to the 100 mL Teflon-lined reaction vessel maintaining at 180 • for 24 hours. Finally, the precipitates were collected by centrifugation and washed alternately by deionized water and ethanol for 3 times, and then dried at 60 • C for 12 hours.
II. MATERIALS AND METHODS

B. CHARACTERIZATION
The crystallographic structure of BiVO 4 microspheres were determined by X-ray diffraction (XRD) with the D/Max-2400 diffractometer. The morphologies of BiVO 4 microspheres were analyzed by the Philips XL30 FEG scanning electron microscope (SEM). Nitrogen adsorptiondesorption tests on the Quantachrome Autosorb-iQ analyzer were carried out to analysis the pore structure properties of BiVO 4 microspheres. X-ray photoelectron spectroscopy (XPS) of BiVO 4 microspheres was examined by the Thermo SCIENTIFIC ESCALAB 250 spectrometer. Raman spectra were measured by Horiba JY Xplora Raman spectrometer.
C. GAS SENSING TEST
BiVO 4 microspheres were uniformly mixed with ethanol to form a paste, and then the paste was coated on outer surface of an alumina tube with gold electrodes and Pt wires. A Ni-Cr heating wire was inserted into the alumina tube to control the working temperature, and then the alumina tube was welded on a pedestal with six probes to achieve the BiVO 4 sensor. In order to keep the long-term stability, the prepared sensor was aged at 450 • C for 5 days. Gas sensing experiments were conducted by the WS-30A static system under ambient conditions (25 • C, 30%RH). The sensor response was defined as the changes in the electrical resistance, where Ra and Rg were the electrical resistance of the sensor in dry air and testing gas, and could be calculated by the following formula, respectively.
III. RESULTS AND DISCUSSION
A. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION
The crystal phases and purity of the resultant BiVO 4 microspheres at the assisted synthesis of four types of PEG (PEG200, PEG600, PEG1000, and PEG2000) were tested by X-ray diffraction (XRD). As shown in Fig. 1 , these diffraction peaks could be assigned to single tetragonal zircon-type phase BiVO 4 (JCPDS card no. 00-014-0133), suggesting pure BiVO 4 nanomaterials were obtained [25] . From these XRD patterns, we also found that the BiVO 4 nanomaterials synthesized by the assist of PEG1000 indicated more strong and sharp diffraction peaks, suggesting its better crystallinity. SEM images gave an insight into the morphologies of these BiVO 4 samples. As shown in Fig. 2 , the molecular weight of PEG had a significant influence on the morphologies of BiVO 4 samples. When PEG200 and PEG600 were adopted, the coexistence of BiVO 4 porous microspheres and microbricks were observed. Further observation of the insets in Fig. 2 showed that these porous microspheres were composed of numerous particles. Increasing the molecular weight of PEG to 1000 and 2000, the ratio of microbricks in the BiVO 4 nanomaterials began to decrease and the thickness of microbricks became thin. Thus, more porous microspheres were observed [26] , [27] . The possible formation mechanism of the BiVO 4 samples were displayed in Fig. 3 . During the synthesis process, PEG chains could coordinate with Bi 3+ in the solution to form coordination complexes. When low molecular weight of PEG (PEG200, PEG600) was used, the BiVO 4 particles might aggregate into microspheres and microbricks because of the connection of these chain-like coordination complexes. While high molecular weight of PEG (PEG1000, PEG2000) was added in the solution, these BiVO 4 particles were more prone to aggregate into microspheres due to longer chain-like coordination complexes (Eqs.(2)-(6)).
The pore structure properties of these BiVO 4 samples were investigated by N 2 adsorption-desorption isotherms (Fig. 4 ). As shown, these BiVO 4 samples displayed the typical IV-type isotherms with hysteresis loops, which were the characteristics of mesoporous materials [28] . Moreover, their BET surface areas were 1.85, 1.97, 2.19, and 2.26 m 2 ·g −1 , respectively, which might derive from special mesoporous structures.
The surface elemental chemical states and composition of the BiVO 4 sample were characterized by XPS. The wide scan spectrum implied it was mainly composed of Bi 4f, V 2p, and O 1s in the BiVO 4 porous microspheres (Fig. 5a) , and their high resolution spectra could present more detailed information (Fig. 5b-d) . The doublet Bi 4f peaks located at 159.28 and 164.58 eV were set as Bi 4f 7/2 and Bi 4f 5/2 , confirming the existence of Bi 3+ in the BiVO 4 porous microspheres. The V 2p spectrum also presented the doublet peaks centered at 516.58 and 524.18 eV, corresponding to V 2p 3/2 and V 2p 1/2 , which confirmed that the chemical state of V5+ in the BiVO 4 porous microspheres. The O1s spectrum could be deconvoluted to two fitting curves, and the peaks around 529.89 eV and 531.67 eV were belonging to the lattice oxygen (Bi-O bond) and surface adsorption oxygen (O-H bonds), respectively [29] . Fig. 6 presented the Raman spectra of these BiVO 4 samples. There were not obvious difference in these spectra, and four typical Raman bands at 220, 367, 741, and 827 cm −1 were observed for all BiVO 4 samples, which were the characteristic bands of BiVO 4 [13] , [30] . Among them, the Raman band appeared at 220 cm −1 was attributed to the external rotation/translation modes. The band around 367 cm −1 belonged to the deformation mode of the tetrahedral VO 3− 4 groups. The bands at 742 and 827 cm −1 were allocated to the stretching modes of the VO 3− 4 tetrahedron.
B. GAS SENSING PERFORMANCE
Working temperature was one of the essential parameters of gas sensor, which meant that each specific sensor showed its best response at the particular temperature. The gas-sensing performance of the BiVO 4 sensors assistantly synthesized by PEG200, PEG600, PEG1000, and PEG2000 were examined towards 200 ppm ethanol at the working temperatures (240-400 • C). Obviously, all the BiVO 4 sensors demonstrated the increasing responses with the increase of working temperatures, reached their maximum values at 340 • C. The phenomenon was ascribed to the temperature-dependent reactions between the adsorbed oxygen species (O − 2 , O − , O 2− ) and ethanol molecules. At low working temperature (below 340 • C), oxygen species were difficult to react with ethanol molecules, producing low response. But, too high working temperature (beyond 340 • C in this study) would also lead to the escape of oxygen species before reactions, thus making the response decline [31] . It was noteworthy that the BiVO 4 sensor assistantly synthesized by PEG1000 demonstrated the highest gas response (4.23). Generally, BET surface area and crystallinity are two important factors to influence gas-sensing properties. For the four samples assistantly synthesized by PEG200, PEG600, PEG1000, and PEG2000, their BET surface areas were 1.85, 1.97, 2.19, and 2.26 m 2 ·g −1 , respectively. As we know, high BET surface area favored the enhancement of gas-sensing properties. For BiVO4-PEG2000, although it possessed slightly higher BET surface area (2.26 m 2 ·g −1 ) than BiVO4-PEG1000 (2.19 m 2 ·g −1 ), its poor crystallinity from XRD analysis made it demonstrates low gas response than BiVO4-PEG1000.
The concentration dependence of gas responses of the four BiVO 4 sensors towards 20-300 ppm ethanol were studied at the optimum working temperature of 340 • C. The similar variation trends between the responses and ethanol concentrations were observed (Fig. 8.) . When ethanol concentrations were improved, the responses of these BiVO 4 sensors also dramatically increased. At the high ethanol concentration, the responses became horizontal and reached the saturation state, which agreed with the theory of power laws for semiconductor gas sensors. Combining the four curves, we also found that the gas responses were also significantly affected by the types of PEG, and the BiVO 4 sensor assistantly synthesized by PEG1000 displayed excellent application potential.
The response-recovery curves of the BiVO 4 sensor synthesized by the assist of PEG1000 towards various ethanol concentrations (20, 50, 100, 200 , and 300 ppm) were presented in Fig. 9 . Obviously, the BiVO 4 sensor displayed ultrafast response, and the response times all were 1 s. Moreover, the recovery time of the BiVO 4 sensor towards these ethanol concentrations were also fast, which were 4, 9, 7, 15, 22, and 28 s, respectively. Such excellent response and recovery ability implied both the adsorption of ethanol molecules on the surface of the BiVO 4 sensor and reaction with the oxygen species (O − 2 , O − , O 2− ) were very rapid. For evaluating the practicability of the as-prepared BiVO 4 sensor, five representative volatile organic compounds (VOCs) such as ethanol, methanol, benzene, dichloromethane and hexane were chosen to investigate the ethanol-selective characteristics of the BiVO 4 sensor respect to other interfering gases (Fig. 10) . Obviously, the BiVO 4 sensor showed higher gas response (4.23) towards 200 ppm ethanol than other four gases, further confirming that the BiVO 4 sensor possessed great advantages in ethanol monitoring. Compared with other BiVO 4 sensors reported in previous works (Table 1) , the gas responses of the BiVO 4 sensor synthesized by the assist of PEG1000 in this study were higher than those of BiVO 4 sensors synthesized by Golmojdeh and Zanjanchi [22] , and Zhao et al. [21] . Although the response of our BiVO 4 sensor was lower than that of the BiVO 4 sensor obtained by Luo et al. [13] , the fast response and recovery time of the sensor still demonstrated its great advantage.
The long-term stability of the BiVO 4 sensor was a key factor for commercial application. To examine this, we continuously tested gas sensing performance of the BiVO 4 sensor synthesized by the assist of PEG1000 towards 200 ppm ethanol for 14 days. As expected, the BiVO 4 sensor showed almost constant response values in two weeks test, which confirmed the excellent stability of the BiVO 4 sensor (Fig. 11 ).
C. GAS SENSING MECHANISM
BiVO 4 was a typical n-type semiconducting materials, thereafter, the gas sensing mechanism for ethanol monitoring was usually explained by the space-charge model [32] . Upon exposure to air atmosphere, oxygen molecules easily adsorbed on BiVO 4 surface and extracted electrons from conduction band to produce oxygen species (O − , O − 2 , O 2− ) (Eqs. (7)- (10)). Thus, these oxygen species increased the barrier height for electrons to transport, which led to the formation of a thick space-charge layer and the sensor resistance in air would be even higher than original BiVO 4 . As the BiVO 4 sensor contacted ethanol, the reaction with the oxygen species would give rise to release the captured electrons back to the conduction band, which produce a thin space-charge layer, decreasing the resistance of the BiVO 4 sensor (Eqs.(11)-(13)). 
